Abstract. Breast cancer is one of the most common malignant neoplasms diagnosed in females worldwide. Bone morphogenetic proteins (BMPs), which belong to the TGF-β superfamily, regulate a wide range of cellular responses including cell proliferation, differentiation, adhesion, migration and apoptosis in breast cancer. BMPs can bind to type I and II serine/threonine kinase receptors to regulate cell proliferation, invasion, migration, and apoptosis. Type I receptors are expressed in various breast cancer cell lines and primary tumor samples. Activin-like kinase 2 (ALK2) is generally expressed in breast cancer cells (MDA-MB-231, MCF7, SK-BR-3 and MDA-MB-468); however, the effect of ALK2 on the proliferation and metastasis of breast cancer cells remains unknown. We used a dominant-negative mutant of ALK2 to research the function of ALK2. We aimed to ascertain whether dominant-negative mutant ALK2 adenovirus vector (DNALK2) receptors can compete with wild-type ALK2 receptors. The present study showed that DNALK2 inhibited the growth, migration and metastasis of breast cancer cells by inhibiting the SMAD-dependent pathway and downregulating connective tissue growth factor and inhibitor of differentiation 1 expression, in vivo and in vitro. These observations indicate that ALK2 is a potential therapeutic agent for the treatment of breast cancer.
Introduction
Breast cancer is one of the most common malignant neoplasms diagnosed in women worldwide. Metastasis, the single greatest cause of morbidity and mortality in breast cancer patients, commonly occurs in the bones, lungs and liver (1) (2) (3) (4) . However, the molecular mechanisms underlying breast cancer cell proliferation, migration and metastasis still require further investigation, and there is still no effective treatment strategy for breast cancer metastasis.
Bone morphogenetic proteins (BMPs) regulate a wide range of cellular responses including cell proliferation, adhesion, migration and apoptosis (5, 6) . BMPs bind to heterodimers of type I and II serine/threonine kinase receptors. Upon ligand binding, the constitutively active type II receptor transphosphorylates and activates the kinase activity of the type I receptor. Once active, the type I receptor phosphorylates the intracellular effector proteins, SMAD1, SMAD5, and SMAD8, which have complex involvement with a common partner, SMAD4 to accumulate in the nucleus and regulate the expression of genes involved in cell growth, cell differentiation, cell apoptosis, cellular homeostasis and other cellular functions (7, 8) . This pathway is known as the SMADdependent pathway. BMP ligands bind to different receptors in different contexts. The physiological association with a specific receptor depends on both the binding affinity and the actual availability of the ligand and the receptor in a specific environment. Type I receptors determine the specificity of the intracellular response (9) . Activin-like kinase 2 (ALK2; ACVR1), ALK3 (BMPR1A), and ALK6 (BMPR1B) are type I receptors known to mediate BMP signaling.
Research has shown that type I receptors (ALK3 and ALK6) are expressed in various breast cancer cell lines and primary tumor samples. Expression of dominant-negative ALK3 in a mouse xenograft model was found to result in decreased invasiveness and metastasis (10) . ALK6 is associated with the poor prognosis of breast cancer patients. In ER-positive breast cancer specimens, ALK6 expression was found to correlate with high tumor grade and high tumor proliferation. Reduced expression of ALK6 was found to correlate with poor prognosis and increased proliferation of breast cancer cells (11) .
ALK2 belongs to the type I receptors, but the function of ALK2 in breast cancer is unknown. Research has reported that ALK2 is generally expressed in various types of cells (12) . ALK2 gene mutation was found to lead to ossificans progressiva fibrodysplasia (FOP) in bone disease (13) , and led to Down's syndrome. The reason for congenital heart defects in Down's syndrome patients is due to ALK2 gene mutation which alters the BMP/SMAD pathway (14) . In mesenchymal stem cells, ALK2 is necessary for the signaling pathway of BMP9-induced osteogenic (15 (17) . Recently, research has focused on the relationship between ALK2 and tumors. BMP9 binds to ALK2 to promote ovarian cancer by activating the SMAD1/4 signaling pathway (18, 19) . ALK2 mutant was found to promote the growth of prostate cancer PC3-M cells (20) . However, the effect of ALK2 on the proliferation and metastasis of breast cancer cells is still unknown. Dominant-negative mutation uses engineering technology to mutate the specific receptor and overexpress the dominant-negative receptor to produce a negative regulatory effect. Our group cloned the ALK2 extracellular domain cDNA to the adenovirus vector, and successfully constructed the dominant-negative mutant ALK2 adenovirus vector (DNALK2) . DNALK2 receptors can compete with wild-type ALK2 receptors by binding to ligands, and inhibit ligands to active cell signaling pathways.
Materials and methods
Cell culture and infection. The human breast cancer cell lines MDA-MB-231 and MDA-MB-468 (Shanghai Institute for Biological Sciences, Chinese Academy of Sciences, Shanghai, China) were maintained in L-15 medium supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) at 37˚C without CO 2 . Other breast cancer cell lines, MCF-7 and SK-BR-3 (Shanghai Institute for Biological Sciences, Chinese Academy of Sciences) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS at 37˚C with 5% CO 2 .
Log-phase MDA-MB-231 cells were seeded at a density of 2x10 6 /bottle. The cells were infected with RFP-expressing and recombinant DNALK2 adenovirus vehicles 24 h later. After 8-12 h of cultivation, the medium was replaced with fresh medium. The fluorescence was then observed 24 h later. The recombinant MDA-MB-231/DNALK2 cells were used for subsequent experiments. The experimental cells were divided into the MDA-MB-231 and MDA-MB-231/RFP control groups as well as the MDA-MB-231/DNALK2 group.
RNA isolation and semi-quantitative RT-PCR.
Total RNA was extracted from artificially induced breast cancer cell samples using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA).
The first-strand cDNA was synthesized from 1 µg of total RNA using the M-MLV kit (Promega Corp., Madison, WI, USA). ALK2 gene expression was quantified by semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR). GAPDH was used as an endogenous control. Gene expression analysis was performed with Quantity One software (Bio-Rad, Berkeley, CA, USA). The PCR conditions were 94˚C for 5 min, followed by 30 cycles at 94˚C for 30 sec, 52˚C for 20 sec, and 72˚C for 10 sec. The mRNA expression levels of the target gene were normalized to those of GAPDH.
The specific primers for ALK2 were 5'-GGCTGCTTCCA GGTTTAT-3' (forward) and 5'-CATACTGCGAACACTAC AGA-3' (reverse). Those for GAPDH were 5'-CAGCGACACC CACTCCTC-3' (forward) and 5'-TGAGGTCCACCACCC TGT-3' (reverse).
Western blot analysis. The protein concentrations in the cell lysates were determined using a kit (RIPA, P0013B; Bi Yuntian Biological Technology Institution, Shanghai, China). Equal amounts of proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and blotted onto nitrocellulose membranes. The proteins were then probed with rabbit polyclonal anti-SMAD1/5/8 (sc-6031; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), rabbit polyclonal anti-phospho-SMAD1/5/8 (AB3848; Millipore Corp., Billerica, MA, USA), rabbit monoclonal anti-inhibitor of differentiation 1 (ID1) (ab134163), and rabbit polyclonal anti-connective tissue growth factor (CTGF) antibodies (ab6992) (both from Abcam) and peroxidase-conjugated secondary antibodies. A GAPDH protein sample was used as the control for equal protein loading. Protein bands were visualized using Quantity One software.
Quantitative real-time RT-PCR. Quantitative real-time RT-PCR was performed as previously described (21) . All samples were run in duplicate for each experiment. The following primer sequences were used for CTGF (sense, 5'-GCGGCTTACCGACTGGA-3' and antisense, 5'-AGG CGGCTCTGCTTCTC-3'); ID1 (sense, 5'-CGGTCTCAT TTCTTCTCG-3' and antisense, 5'-TCGGTCTTGTTCTCC CTC-3'); and GAPDH (sense, 5'-CAGCGACACCCACTC CTC-3' and antisense, 5'-TGAGGTCCACCACCCTGT-3'). The relative expression of target mRNAs was normalized to the reference gene GAPDH using the 2 -ΔΔCT method and is expressed as the fold-change relative to the control (0.1% or DharmaFECT1) (21) .
Cell viability assay. The MTT assay was performed in quintuplicate to assess the viability of the recombinant MDA-MB-231/DNALK2 cells. Approximately 1-3x10 4 of cells from each group in 500 µl of medium were seeded in 24-well plates. Approximately 50 µl of MTT reagent (5 mg/ ml; Promega Corp.) was added, and the mixture was incubated for 4 h. After addition of 450 µl of dimethyl sulfoxide, absorbance was measured daily for the following 5 days at 492 nm using a microplate reader. Then, a growth curve was drawn.
Colony forming assay. Log-phase cells were collected and seeded in triplicate in a soft agar medium at 200 cells/culture dish for 10-14 days. When the clones were able to be observed, the cells were washed twice by PBS and stained by the Wright method. The colony-forming rate was calculate as: (Colony number/seeded cell number) x 100%. Each experiment was repeated thrice.
Wound closure assay. Log-phase cells were collected and seeded at 5x10 5 /well in 6-well plates. On the following day, the cells were infected with recombinant DNALK2 adenovirus for 24 h, and a wound was created at the center of the culture using a pipette tip. Photographs were taken under a microscope immediately and 36 h after the incision was made. The incision width of the different sites was measured, and the average wound closure rate was calculated. The wound-closure rate was calculated as: [(0-h incision width -36-h incision width)/0-h incision width] x 100%.
Transwell invasion assay. The invasion assay was performed as previously described (15) . The cells were seeded at 2x10 5 /well in duplicate in the upper chamber of type I collagen-coated 24-well culture inserts. After 24 h, the cells were dried for 5 min, fixed with dehydrated alcohol, and stained with hematoxylin and eosin. The cells that invaded the collagen-coated inserts were counted. Mean values for five randomly selected fields were obtained for each well. The experiments were performed 4-fold and repeated thrice. Values are expressed as means ± standard errors.
Animals. Four-week-old female nude mice (Balb/c, Beijing, China) were used. All experiments were approved by the Institutional Animal Care and Use Committee of Chongqing Medical University as well as regional authorities [reference no. SYXK(YU)2007-0001] in accordance with the 'Guidelines for the Welfare of Animals in Experimental Neoplasia' (the China Coordinating Committee on Cancer Research). The animals were housed in individual ventilated cages under sterile conditions, and were given free access to food and water. At the end of the experimental period, the animals were sacrificed by cervical dislocation.
Animal models. Female nude mice were randomly divided into three groups of five mice each. Two groups were implanted subcutaneously with 2x10 6 control MDA-MB-231 and MDA-MB-231/RFP cells, respectively. The third group was implanted subcutaneously with 2x10 6 MDA-MB-231/DNALK2 cells. After 13 days, when tumors were observable, the tumor diameters were recorded every three days. Tumor volume (V, in cm , where π=3.14. The mice were sacrificed after three weeks, and the tumors were collected. The tumors were then dissected and processed for further histomorphometrical and immunohistochemical analyses.
Immunohistochemistry. Paraffin-embedded nude mouse xenograft breast tumors were sliced into 4-µm sections and deparaffinized. The sections were rehydrated and heat-treated for antigen-retrieval with citric acid buffer as previously described. The sections were then incubated with rabbit anti-SMAD1/5/8, rabbit anti-phospho-SMAD1/5/8, rabbit anti-ID1 and rabbit anti-CTGF antibodies and rabbit anti-PCNA for 1 h following standard protocol. Staining procedures were performed under standardized conditions. The sections were counterstained with Gill's hematoxylin, mounted, and coverslipped. Staining intensity was independently assessed by the authors. SMADD1/5/8, phospho-SMAD1/5/8, ID1 and CTGF expression were determined with integrated optical density (IOD) using Image-Pro Plus 5.1. The nuclear staining revealed PCNA-positive cells, and PCNA expression was determined as: (PCNA-positive cells/total number of tumor cells) x 100%.
Statistical analysis. Results are expressed as means ± standard deviations. Relative CTGF and ID1 expression data were analyzed using real-time quantitative PCR and the 2 -ΔΔCT method. All statistical analyses were performed by SPSS 19.0 using the independent sample t-test for comparing two sample groups. For all tests, P<0.05 was considered statistically significant.
Results

ALK2 mRNA is detected in breast cancer cells.
In the present study, four breast cancer cell lines were used to investigate ALK2 expression. Our group wanted to determine whether ALK2 expression in the human breast cancer cell lines is associated with tumorigenic potentials. ALK2 mRNA was detected in the four breast cancer cell lines by RT-PCR amplification (Fig. 1A) . The result suggests that ALK2 expression is correlated with the progression and metastasis of breast cancer. 
Recombinant MDA-MB-231/DNALK2 cells are established.
MDA-MB-231 cells were used in the present study to generate a dominant-negative ALK2 recombinant cell line to examine the roles of ALK2 in the proliferation and invasiveness of breast cancer cells. The dominant-negative ALK2 recombinant MDA-MB-231/DNALK2 cells were established by infection with the DNALK2 adenovirus. MDA-MB-231/RFP cells infected with an empty adenovirus vector were also constructed as control cells. The RT-PCR results showed that these recombinant cells were well established for use in the subsequent experiments (Fig. 1B and C) .
DNALK2 inhibits the proliferation and invasiveness of breast cancer cells in vitro.
ALK2 was reported to bind to BMP9 to promote the proliferation of ovarian cancer cells but ALK2 was found to inhibit the growth and to induce the apoptosis of prostate cancer cells. In the present study, we elucidated the effects of ALK2 on breast cancer cells in vitro by analyzing cell proliferation, migration, and invasion abilities. MTT and colony-forming assays were used to detect the cell proliferation ability. The results showed that the proliferation of MDA-MB-231/DNALK2 cells was decreased from 0.8951±0.0902 (MDA-MB-231/RFP) and 0.9012±1.0021 (MDA-MB-231) to 0.5563±0.0617 (MDA-MB-231/DNALK2) ( Fig. 2A) . Accordingly, Fig. 2B shows that the colony-forming rate of MDA-MB-231/DNALK2 cells was decreased from 91.3±3.6% (MDA-MB-231/RFP) and 93.9±5.6% (MDA-MB-231) to 34.0±5.3% (MDA-MB-231/DNALK2). These results ind icated that DNALK2 inhibited the growth of MDA-MB-231 breast cancer cells.
Wound closure and Transwell invasion assays were used to detect the invasion and migration abilities of the 
DNALK2 inhibits the BMP/SMAD signaling pathway and down regulates ID1 and CTGF expression in MDA-MB-231 cells.
In a previous study, DNALK2 was found to inhibit the growth, migration, and invasiveness of MDA-MB-231 breast cancer cells. To establish whether the BMP/SMAD signaling pathway is functional, the MDA-MB-231 cells were stimulated with DNALK2, and phosphorylation of SMAD1/5/8 was assessed using specific anti-phosphosite antibodies via immunoblot analysis. The recombinant MDA-MB-231/DNALK2 cells exhibited lower levels of phosphorylated SMAD1/5/8 than levels noted in the MDA-MB-231/RFP and MDA-MB-231 cells, while the total SMAD1/5/8 protein was similar in the three groups (Fig. 3A) . ID1 and CTGF expression levels in the recombinant MDA-MB-231/DNALK2 cells were assessed using western blot analysis and real-time RT-PCR, which are reportedly related with the proliferation and invasion of tumor cells. CTGF protein (40 kDa) and ID1 protein (16 kDa) expression levels were also significantly lower in the MDA-MB-231/DNALK2 cells than these levels in the MDA-MB-231/RFP and MDA-MB-231 cells (Fig. 3A) . ID1 and CTGF mRNA was downregulated in the MDA-MB-231/DNALK2 cells ( To establish whether the BMP/SMAD signaling pathway was functional in the MDA-MB-231/DNALK2 cells, total SMAD1/5/8, p-SMAD1/5/8, CTGF and ID1 was assessed using specific antibodies via immunohistochemistry analysis. The p-SMAD1/5/8, CTGF and ID1 protein expression was decreased in the MDA-MB-231/DNALK2 group compared with the MDA-MB-231/RFP and MDA-MB-231 groups as determine by immunochemical staining (Fig. 5) . These data suggest that DNALK2 is a potent inhibitor of the growth and metastasis of breast cancer cells.
Discussion
ALK2 belongs to the TGF-β superfamily type I receptors, which is expressed in various carcinoma cell lines of ovarian, prostate, pancreatic, and breast origin (5, 9, 14) . More recently, ALK2 has been linked to carcinogenesis and tumor progression. ALK2 has been described as a pleiotropic receptor in carcinoma cell regulation, dependent on the cell type, developmental stage, and microenvironment of the carcinoma cells. For example ALK2 acts as a tumor suppressor in prostate cancer and myeloma cells, but as an oncogene in ovarian and lung cancer cell lines (8,18,19,22 ). BMP7 binds to ALK2 to induce mesenchymal-epithelial transition (MET) in melanoma tumor cells, and ultimately inhibits metastasis by regulating downstream of Twist protein expression (23) . BMP9 binds to ALK2 to activate the BMP/SMAD signaling pathway to enhance the proliferation of ovarian cancer cells (18) .
Type I receptors (ALK3 and ALK6) are expressed in primary breast cancer samples even in several breast cancer cell lines. Dominant-negative ALK3 was found to result in decreased invasiveness and metastasis in a mouse xenograft model (16) . Reduced expression of ALK6 increased proliferation of breast cancer cells (11) . ALK2 belongs to the type I receptors, but the function of ALK2 in breast cancer is unknown. There are few studies concerning its function in the development of breast cancer.
In the present study, MDA-MB-231 cells were infected with AdDNALK2. MTT results showed that the number of MDA-MB-231 cells began to decline on the third day after DNALK2 adenovirus infection, obviously decreased on the fifth day; we used a colony forming assay to determine that the cell colony number in the MDA-MB-231/DNALK2 group was significantly decreased compared to the control group, which further confirmed the MTT results. Wound closure assay showed that the wound healing rate of the MDA-MB-231/ DNALK2 cell group was significantly decreased compared to the MDA-MB-231/RFP cells. Transwell invasion assay showed that the number of invasive MDA-MB-231 cells pretreated with AdDNALK2 were obviously reduced compared with the control group, in vitro. These results showed that the cell proliferation, invasion and migration abilities of MDA-MB-231 cells were reduced after infection with the DNALK2 adenovirus. ALK2 is an important factor influencing breast cancer growth and metastasis and acts as a potential target for inhibiting the metastasis of breast cancer. CTGF, a new induced fibrosis factor, is a CCN (CTGF, Cyr61 and Nov) family member, and is associated with tumor proliferation and metastasis. It is involved in the occurrence of many diseases and tumors such as system scleroderma, atherosclerosis, liver fibrosis and biliary atresia (24) (25) (26) , but the distribution and biological function of CTGF are different in different types of tumor tissues. It can regulate tumor progression positively or negatively. ALK2 acts as an oncogene in liver cell carcinoma, gastric cancer, glioma, breast cancer, esophageal adenocarcinoma resulting in reduced survival and poor patient prognosis (27) , while in pancreatic cancer, esophageal squamous cell carcinoma, colorectal cancer, laryngeal squamous cell carcinoma, thyroid cancer and lung cancer, ALK2 acts as a tumor suppressor to inhibit tumor growth (28) . CTGF and ID1 exhibit high expression in breast cancer, and their expression is correlated with tumor size, lymph node status and age; expression change in cancer cells and tissues is of great significance (28, 29) . We found that CTGF and ID1 expression at the mRNA and protein levels was significantly reduced after DNALK2 infection in the MDA-MB-231 cells, suggesting that DNALK2 is likely to inhibit tumor proliferation, invasion and migration by downregulation of CTGF and ID1.
Animal models are important tools with which to research the biological behavior of tumor cells in vivo. Thus, we successfully constructed a breast cancer subcutaneous tumor model in nude mice and found that DNALK2 significantly inhibited the growth of breast cancer cells in nude mice. The expression of CTGF and ID1 was also downregulated in the MDA-MB-231/DNALK2 group at the same time. The specific signaling pathway and related mechanism warrant further study. In the present study, one of the critical mechanisms underlying the inhibiiton of the growth and metastasis of breast cancer cells by DNALK2 is by reducing CTGF and ID1 expression to inhibit the BMP/SMAD cell signaling pathway. In conclusion, ALK2 is an important factor that can inhibit breast cancer growth, invasion and migration through classical BMP/SMAD cell signaling (BMPs, BMPRs Smads -gene transcription in the nucleus -corresponding protein production) (30) , ALK2 has profound potential in the prognosis and therapy of breast cancer metastasis. Further investigation may lead to a novel therapeutic approach for breast cancer. Yet, we need further understanding of the processes involved in breast cancer metastasis and we must develop effective preventive strategies.
